Abstract-In this paper, a reconfigurable modular antenna is presented for smart point readers employed in near-field (NF) radio-frequency identification applications at the ultrahigh frequency European Telecommunications Standards Institute band (865-868 MHz). The antenna comprises two modules sharing the same 250 × 250 mm 2 aperture: a spiral-shaped traveling wave antenna and an array of four resonating slot antennas connected in series to the traveling wave antenna through a printed matching/delay network. The electromagnetic (EM) field distribution generated by the overall antenna can be controlled and shaped through an absorptive RF switch placed at the end of the spiral traveling wave antenna. Specifically, two configurations can be selected, on the basis of the particular operating scenario. In the spiral traveling-wave antenna configuration, that is, the best for tag writing operations, the EM field is maximized in the reader central area, right on its surface only (reactive NF region). In the modular antenna configuration, a field coverage is guaranteed up to a few decimeters away from the reader surface (radiative NF region). Measurements on a prototype and simulation results are in good agreement. Moreover, a systemlevel characterization has been carried out and compared to a numerical analysis aimed to qualitatively predict tag detection performance.
UHF RFID systems allow for a high read-and data-rate and for small size tags. However, the item material the tag is attached to and the mutual coupling among tags in a stacked configuration can compromise the UHF RFID system performance, mainly affecting the tag readability and reducing the read range. Thus, near-field (NF) UHF RFID systems have been recently introduced to maximize and confine the electric and magnetic fields within a limited volume around the reader [1]- [4] . Also, the far-field radiation efficiency is quite low, so reducing the detection of tags that are placed far from the reader (false positive issues).
In the last decade, various antennas have been proposed for NF UHF RFID readers [5] - [32] . The most common NF UHF RFID radiating elements are the loop-like resonant antennas [5] [6] [7] [8] [9] [10] [11] [12] . In particular, segmented loops have been introduced to reduce the electrical size of a loop antenna while maintaining the same physical size [5] [6] [7] [8] [9] [10] , generating a strong and uniform magnetic field distribution in proximity of the antenna surface. Furthermore, transmission line (TL) antennas [13] [14] [15] [16] [17] [18] [19] are proposed for NF UHF RFID systems, typically based on microstrip [13] [14] [15] , coplanar stripline [16] or coplanar waveguide [17] [18] [19] technologies. Generally, thanks to the presence of a matched termination, the leaky TL antennas exhibit limited far-field radiation and large impedance bandwidth, making the input impedance matching less sensitive to the presence of the tagged items in the antenna NF region. Resonant antennas and arrays have also been proposed [20] [21] [22] [23] [24] [25] [26] . Since their size is strictly related to the operating frequency, miniaturization techniques are typically used to limit the antenna size at UHF band, so allowing the antenna to be integrated in reader cases. A more detailed stateof-the-art analysis on antennas for NF UHF RFID applications is described in [27] .
From a practical point of view, all these antennas can detect tags up to few tens of centimeters when only few tags are considered. More critical scenarios are represented by tags applied to objects with different materials or multiple tags, where a higher field intensity is required to detect each tag. Thus, reader antennas that can exhibit in unloaded conditions a read range larger than that required in operational conditions have been recently proposed [28] [29] [30] [31] [32] . In this framework, reconfigurability is becoming an interesting antenna feature, which can make the NF UHF RFID system more adaptable to the specific application scenario. It would allow for a shaping of the interrogation field in the antenna NF region, when a simple control of the reader output power is not enough to guarantee high successful reading percentages on the whole antenna surface, for any tagged item and tag 0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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topology/orientation and for different operating conditions. As an example, an antenna can be reconfigured to extend or reduce the detection volume size on the basis of the specific operating scenario, so compensating the field attenuation due to the presence of items made of different materials. In [33] , a reconfigurable passive UHF RFID ETSI (865−868 MHz) loop reader antenna for NF and far-field RFID applications is presented. The radiation properties of the antenna can be reconfigured by employing varactor diodes. In [34] , the operating frequency and radiation properties of a printed loop antenna are modified by using varactor diodes. Thus, the antenna is capable of changing the radiation pattern (i.e., omnidirectional or broadside) while guaranteeing a relatively strong and uniform magnetic field at the center of the loop. Furthermore, since RFID tag detection at UHF band is due to both inductive and capacitive coupling, the electric and magnetic field distributions within a confined volume can be adjusted by reconfiguring the radiating element layout by means of varactors or RF switches. Also, reconfigurability can be suitable to maximize a single field component, so that the relative orientation of the tag could be estimated. Thus, above cited reconfigurable system may be able to detect the loop-like tags positioned with different orientations.
In this paper, a reconfigurable modular antenna is proposed for NF UHF RFID applications. Specifically, a traveling wave antenna is combined with resonating antennas, which share the surface of the desktop reader antenna. When the traveling-wave antenna (TWA) antenna ends on a matched load (spiral TWA configuration), strong and uniform electric and magnetic fields up to a few centimeters from the antenna surface (NF reactive region) are generated. Such a configuration is suitable especially for writing operations, where a higher field intensity is required. In the proposed layout, the TWA is represented by a spiral microstrip line in order to distribute the electromagnetic (EM) energy among all the field components, which is important to guarantee the detection of tags arbitrarily oriented with respect to the reader antenna. Alternatively, the spiral microstrip line can feed a resonating antenna or an array of resonating antennas (modular antenna configuration) [28] [29] [30] [31] [32] , so covering the radiative NF region up to a few tens of centimeters from the antenna surface, yet radiating a relatively low field in the antenna far-field region as required by antennas for desktop readers. In this way, it is possible to improve the tag detection up to few decimeters from the antenna surface, even in presence of stacks of tags. In the proposed layout, the resonating antenna element is represented by an array of four curved slot antennas which share the TWA aperture (aperture-shared antenna configuration). The slots are 90°r otated with respect to the antenna center, and they are fed by the microstrip TL through a matching/delay network. Such a network is responsible for feeding each radiating element with currents exhibiting the same amplitude but with a 90°phase difference, so implementing the sequential rotation feeding technique and achieving a circularly polarized radiated field. Then, an absorptive RF switch is added to the end of the spiral microstrip line, and it is used to enable the proper antenna operating mode on the basis of the specific scenario. It is worth noting that by activating the proper radiating element, the field distribution generated by the reconfigurable modular antenna changes, giving different system performances without increasing the reader output power level. In Section II, the antenna layout and the simulated and measured performance are presented and discussed, in terms of input impedance matching, electric field distribution, radiation pattern, gain, and axial ratio. A system-level antenna performance prediction is also proposed in Section III, and compared with the measured received signal strength indicator (RSSI). The antenna has been designed by using the CST Microwave Studio software.
II. ANTENNA LAYOUT AND PERFORMANCE
The proposed antenna (250 × 250 mm 2 ) has been designed to be easily integrated in a smart point reader or desktop reader for NF applications in the UHF RFID ETS band (865-868 MHz). The overall antenna consists of three main parts: an internal 50 spiral-shaped microstrip line, a printed matching/delay network, and an array of four resonating curved slots etched on the antenna ground plane (Fig. 1) . The antenna is printed on a grounded 1.53 mm thick FR-4 (εr = 4.4, tgδ = 0.025) dielectric substrate. The main antenna dimensions are listed in Table I .
The spiral geometry of the internal microstrip line has been chosen in order to distribute the EM energy among all the field components, which allows for a more reliable detection of tags laying on the antenna surface, that is, with a minimal dependence on the tag position and orientation. In the spiral TWA configuration, the microstrip line ends on a matched load, while in the modular antenna configuration, it is connected to the matching/delay network, and then it feeds the resonating curved slots. In both configurations, a current standing wave is avoided, so guaranteeing a field uniformity above the reader surface. Moreover, thanks to the presence of the TWA, return loss requirement can be met in a relatively large bandwidth. A distance between the spiral lines equal to 10 mm has been chosen in order to minimize the coupling effects between them and therefore the characteristic impedance variations. It is worth noting that a longer line can fit a larger area.
When the modular antenna configuration is enabled, the spiral TWA is connected to the matching/delay network, which supplies in-series the four slots with currents characterized by almost the same amplitude and 90°phase difference to achieve circular polarization [35] . To optimize such a network, the layout shown in Fig. 2(a) has been considered. In particular, each delay line has been terminated on a matched load before the resonating slots. Then, four ports (Ports 2-5) have been introduced to compute the S i,1 parameters and estimate the currents amplitude and phase shift. An equivalent circuit of the entire antenna is shown in Fig. 2(b) . Each resonating slot antenna is fed by a 100 microstrip line. The internal 50 spiral TWA is directly connected to a λ g /4 trans- former, which allows the impedance matching to an impedance of 25 [Z V;B in Fig. 2(b) ]. The four delay lines lengths (l i ) are optimized to get a 90°phase shift [35] . The four slots are etched on the ground plane on the bottom side of the FR-4 substrate. Their length corresponds to half-wavelength, to get a resonating aperture, and their shape is slightly curved without significantly affect the input impedance at the resonant frequency. On the other hand, the curved shape is suitable to better follow the spiral line profile, allowing for a better embedding in a circular-shaped smart point reader. However, to compensate for the mutual coupling due to the proximity of the printed matching/delay network, slot actual length (L) is set to 128 mm. It is worth noting that, since the input power is partially radiated by the spiral TWA, each slot antenna is fed by a smaller power level, so guaranteeing a relatively low radiation into the far-field region and reducing the cross-readings (false positives) out of the read zone required for the NF UHF RFID reader. Furthermore, to limit the slot radiation below the antenna (i.e., toward the desktop) a 250 × 250 mm 2 metallic plate has been placed at a distance of H = 4 cm by means of plastic screws. The distance H has been chosen as a tradeoff between the antenna performance and the antenna overall thickness. Specifically, for small values of H the curved slot antennas are short-circuited, resulting in a low radiation efficiency as well as an almost pure imaginary input impedance. On the other hand, it is well known that a distance of λ/4 (i.e., 34.6 cm at 866 MHz) is required to achieve the best antenna performance. However, in this case, the antenna would not be easily embeddable in commercial devices, due to its overall thickness. Thus, the chosen distance of 4 cm is the minimum distance that guarantees satisfactory antenna performance in terms of input impedance and radiated fields while limiting the antenna thickness.
To select the operating mode, an RF switch (Analog Device ADG901 [36] ) is integrated before the λ g /4 transformer [Section A in Fig. 2(a) ]. Thus, the TL can be terminated on a matched load (spiral TWA configuration) or it can feed the four resonating slots (modular antenna configuration). In Fig. 3 , the simulated current distribution on the reconfigurable modular antenna is plotted at a frequency of 866 MHz, for both the operating modes. It is worth noting that for the spiral TWA configuration the current flows only in the internal spiral line, so concentrating an almost uniform electric field in proximity of the antenna center. On the other hand, when the modular antenna configuration is activated, the current spreads out on the entire antenna surface.
A prototype has been fabricated by using the fabrication facilities available at the University of Oviedo, Spain. Some pictures are shown in Fig. 4 , together with some details of the RF switch. A 3 V battery is used to feed the RF switch (V DD ), and to control the switch and select the antenna configuration. The RF switch has been integrated at the bottom of the FR-4 substrate, as shown in Fig. 4(c) and (d) .
In Fig. 5 , the simulated and measured reflection coefficient is shown as a function of the frequency, for both the spiral TWA configuration and modular antenna configuration. To limit the power reflected toward the reader RF front-end, in NF UHF-RFID applications the reflection coefficient is usually required to assume values lower than −14 dB. Simulated and measured results show that such a requirement is satisfied by the proposed layout in a frequency band larger than the standard UHF RFID ETSI band (865-868 MHz), for both operating modes.
The performance of the reconfigurable modular antennas has been measured. The measured gain is −15 dB in the entire UHF RFID ETSI band, thanks to the presence of the matched load at the end of the spiral TL. To estimate the field uniformity close to the antenna surface, the electric field has been measured in a completely automatic NF scanner [ Fig. 6(a) and (b) ]. In particular, in Fig. 6(a) , a schematic of the NF system is shown and a more detailed description is presented in [37] . A small monopole has been fabricated and used as an electric NF probe [ Fig. 6(c) ].
It is worth noting that such a measurement aims at evaluating the field uniformity close to the antenna rather than measuring the absolute field value. Then, the homemade electric NF probe has not been calibrated before the test. Moreover, to limit the mutual coupling effect between the antenna and the mechanical arm, the electric field has been measured, starting from a distance of 10 cm from the antenna surface. In Fig. 7 , the normalized field distribution is shown for both the tangential components (x-and y-directions in Fig. 1 ) and compared with the simulated normalized distribution.
The electric field normalized distributions shown in Fig. 7 demonstrate that the electric field relevant to the spiral TWA configuration is almost uniform and maximized in the antenna central area, for both the simulated and measured results and for both the considered tangential field components. This is desirable especially for encoding operations, because UHF RFID tags are typically placed in a target area around the antenna center, but with an arbitrary orientation with respect to the reader antenna.
On the other hand, the modular antenna configuration has been designed to achieve higher reading range. Hence, for such a configuration, radiated performances have been also evaluated in a far-field anechoic chamber. In Fig. 8 , the axial ratio and maximum gain of the modular antenna configuration are shown as a function of the frequency. The maximum measured gain is 1 dBic at the frequency of 866 MHz, and remains almost constant in the entire UHF RFID ETSI band. The minimum measured axial ratio is 2.4 dB at the frequency of 858 MHz, and it is lower than 3 dB in the whole UHF RFID ETSI band (865-868 MHz). The simulated and measured normalized radiation patterns at the frequency of 865 MHz, for both the xz and yz planes, and for both the E θ and E ϕ components, are shown in Fig. 9 . It is worth noting that the simulated and measurement results are in good agreement for both the field components and cutting planes.
Similar to the tests carried out for the spiral TWA configuration, the x-and y-components of the electric field at a distance of 10 cm from the antenna surface have been measured in the NF chamber. Results are shown in Fig. 10 together with the normalized simulated field distribution obtained by CST Microwave Studio. Reasonable agreement between simulated and measured results has been achieved despite some slightly differences close to the antenna borders.
III. SYSTEM-LEVEL MEASUREMENTS
The proposed reconfigurable modular antenna has been connected to a commercial UHF RFID reader (CAEN RFID Ion, Model R4301P [38]) to carry out system level measurements in terms of reading range and tag detection. The measurement setup is shown in Fig. 11 . An 8 × 8 3 cm (Fig. 11) .
square cells grid has been drawn on a cardboard sheet and aligned to the antenna center, at a fixed distance from the antenna surface. Then, a LAB-ID Inlay UH100 tag [39] was placed in correspondence of each cell, with a specific orientation with respect to the radiating element. In Fig. 12 , the results of the detection tests are shown for both the spiral TWA configuration and the modular antenna configuration, when tag was oriented along the x-and y-axes.
As a result, when the spiral TWA configuration is enabled, the generated field is confined close to the antenna surface, and the tag detection is limited up to around 10 cm. By switching to the modular antenna configuration, the reading range extends up to 70 cm. It is worth noting that all the measurements have been performed with 20 dBm reader output power. Thus, the different reading ranges are only due to the changed field shape generated by the two antenna configurations.
To better highlight the different antenna performances when enabling the two operating modes, a further test has been carried out taking into account a stack of eleven UHF RFID tags as described in [32] . Specifically, eleven LAB-ID Inlay UH414 [40] tags have been placed in a stacked configuration at a distance of 2 cm from each other, up to an overall height of 20 cm. Tags are separated by a foam layer and the lower tag has been placed directly on the case surface. The stacked tag readability has been tested on a surface subdivided into 3 × 3 cells (cells sizes are about 7 × 7 cm 2 ). The total number of tags detected in a 10 s time interval has been recorded, when varying the tag orientation and the stack position on the antenna surface. The reader output power has been set to 23 dBm. Results are shown in Fig. 13 for both orthogonal tag orientations, and for both the antenna operating modes.
It is apparent that only few tags can be detected when the spiral TWA configuration is enabled. As expected, it is possible to read the highest number of stacked tags, i.e., 6, only when the stack is placed at the antenna center. On the other hand, by switching to the modular antenna configuration, almost all the tags can be easily detected, despite some missing detection when the stack is placed close to the antenna corner.
However, as discussed in [4] , a tag detection prediction through numerical simulations would be useful to optimize the radiating element layout, especially when the RFID tag typology is known a priori. In this way, the antenna could be optimized for the specific operating scenario and tag typology.
Thus, in this section, a numerical analysis of the NF UHF RFID radio link is described. Specifically, the tag and reader antennas, and the space between them, have been considered as a linear two-port network (Fig. 14) . The numerical evaluation of the entries of the impedance matrix Z has been performed through the commercial numerical tool CST Microwave Studio.
A number of commercial tag layouts have been imported in the numerical model, together with the proposed antenna. Thus, the wireless power transfer efficiency (PTE) between the reader and the tag has been computed to qualitatively estimate the power delivered to the tag chip when varying the tag position. The PTE is defined as the ratio between the power dissipated in the load of the tag antenna (chip), P T , and 
where Z in is the input impedance of the two-port network when the latter is connected to Z L . As apparent from (1), the PTE expression is given by the square of the mutual impedance amplitude (proportional to the open-circuit voltage at the tag antenna) times a coefficient that includes the tag loading. The numerical PTE distributions and the measured RSSI have been compared. Specifically, to exclude the effect of the RFID chip nonlinearity and unpredictable measurement errors, the two parameter distributions have been normalized. For such a reason, and for sake of simplicity, the Z L considered for the PTE computation has been chosen equal to the conjugate matching of the simulated antenna input impedance at 866 MHz, which represents the typical condition in an operating scenario. To measure the RSSI distributions, the measurement setup shown in Fig. 11 has been used, with a reader output power equal to 20 dBm. Thus, the RSSI values were measured and collected for 10 s at each cell, and the average value has been computed. The normalized distributions at a distance of 10 cm from the antenna surface are shown in Fig. 15 when the spiral TWA configuration is enabled and when the Inlay UH100 (LAB-ID) tag is oriented toward either the x-or y-axis (Fig. 1) . Similarly, in Fig. 16 the same distributions are shown when the modular configuration is selected. It is worth noting that the measured RSSI and the numerical PTE distributions are in good agreement, for both the orthogonal tag orientations. As a consequence, from such an analysis the PTE results to be a good candidate to qualitatively predict the RSSI distribution for a given tag typology and reader antenna layout.
Moreover, the normalized distributions shown in Fig. 16 are in good agreement also with the simulated and measured electric field distributions shown in Fig. 10 , as expected since a dipole-like RFID tag has been considered.
IV. CONCLUSION
A reconfigurable modular antenna has been presented for smart point readers employed in NF applications at the UHF RFID ETSI band (865-868 MHz). It consists of two modules sharing the same aperture: a spiral-shaped traveling wave antenna and an array of four curved resonating slot antennas connected in series to the traveling wave antenna through a printed matching/delay network. By means of an absorptive RF switch, two configurations can be selected (spiral TWA configuration andmodular antenna configuration) on the basis of the particular operating scenario, so changing the field decay rate when moving away from the reader antenna surface. A system level characterization of the reader antenna has also been presented. For an assigned level of the reader output power and independently on the tag orientation, a tag detection up to 14 cm from the antenna surface is achieved with the spiral TWA configuration, while it rises up to 70 cm if the modular antenna configuration is used.
Finally, a numerical approach based on the PTE calculation has been described to qualitatively predict the RSSI distribution, so demonstrating that the numerical estimations of the electric field distribution and wireless power transfer efficiency are among possible candidates to achieve a tag detection prediction when the tag layout and operating scenario are a priori known, as an alternative to timeconsuming measurement campaigns.
